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Abstract; The diffusion of Xe In olivine, a oajor mineral in both 

meteorites and lunar samples, was studied. Xe ions were implanted at 

200 keV into single- crystal synthetic-forsterlte targets and the depth 

profiles were D»asured by alpha particle backscattering before and after 

annealing for 1 hour at temperatures up to 1500°C. The fraction of 

implanted Xe retained following annealing was strongly dependent on the 

implantation dose. Maximum retention of. 100^ occurred for an implantion 
15 2 

dose of 3 X 10 Xe ions/cm^. Retention was less at lower doses, with 

14 2 

i 50^ loss at 1 X 10 Xe ions/cm . Taking the diffusion coefficient 
at this dose as a lower limit, the minimum activation energy necessary 
for Xe retention in a 10 |im layer for 10 years was calculated as a 
function of metamorphic temperature. 
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Introduction 


The diffusion properties of Ke In aeteorltic ttlMrels ere la^rtsnt In 

. lOQ 

interpretation of Pu^e and Xe chr^olt^ies of events In t^ early 
solar ayat^. In general, these interpretations assuse a well-def:ned i”tiae 
or teaperature of Xe retention", before which Xe is quantitatively lost, and 
af4Mr «diich Xe is quantitatively retained. An Inprcnred understanding of the 
Xe isotopic data in terms of realistic therraal histories awaits identifica- 
tion of Che fsineralogical sites of the radiogenic Xe as well as determination 
of its diffusion coefficients. A nuaber of efforts have attenpted tr iden- 
tify the mlneraloglcal sites (e.g., Lewis et al .. 19”^| Alaerts et al ., 

1979; Zaikowski, 1960; Rison et al ., 1^); Jones aiui Burmtt, 1979). This 
study deals with the diffusion properties of Xe. We have prevltmsly reported 
measurasencs of the diffusitm of ion-lBq>lanCed Xe in feldspar (Melcher ^ 

al. j 1981). We report here new nteasurements of Xe implanted Into olivine. 

In our previous studies of feldspar, Xe ions were ioiplanted at 2(^ keV 

Ik 2 17 2 

to doses ranging from 3x10 ions/cm to 10 ions/cm . Depth profiles 

were measured before and after annealing at 900 or 10(X}*^C. The fraction of 
implanted Xe retained following annealing was strongly dependent on implan- 
tation dose. Maximum retention of 100^ occurred for an implantation dose 
of 3x10 ions/cm . Retention was less at both lower and higher doses. 

The Xe retention was unaffected by two-step anneals (750 and 1000°C) or by 
iuq)lanting either Ar or He in addition to the Xe. Helium was implanted to 
a dose c(xnparable to that expected in a typical solar wind exposure tim. 

Due to the complex dependence of the Xe diffusion on implantation dose, no 
attempt was made to extrapolate from the laboratory experiments to the raich 
lower concentrations of radiogenic Xe in TCteorites or solar-wind- ii^)lanted 
Xe in lunar materials. 
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Eyperlmental Procedures 


The experimental procedure consisted basically of four steps, (i) A 
target was first inq>lanted with a kriown dose of Xe ions, (ii) The depth 
profile of the implanted Xe was analysed by means of backscattering spectro- 
metry of alpha particles (see Chu et al ., 1978), (iii) The target was then 
annealed, typically for one hour at temperatures up to 1500 ^C, and (iv) the 
Xe depth profile was measured again. The basic idea is to observe broaden- 
ing of the implanted profile due to thermal diffusion. This method has been 
used previously by a number of workers to study the diffusion of implanted 
ions primarily in Be, Al, and Si (see, for example, Sippel, 1959; t^ers et 
al., 197k; Fontell et al ., 1973; Ohkawa et al ., 197k). Our previous study 
appears tc be the only other attempt to apply the backscattering technique 
to the diffusion of implanted ions in a mineral. 

The Xe implantations were performed at an energy of 200 keV with a kOO 
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keV ion accelerator. The beam current density was kept below 3 pA/cm to 

avoid heating of the targets. The targets were coupled to the target holder 
via a thermally conducting grease and remained at room temperature or slightly 

below during implantation due to radiation to a cooled shield in the target 

_7 

chamber. The pressure in the target chamber was £ 10 torr. Values of the 
bombardment doses were obtained by current integration and are estimated to 
be accurate within ± 20jo. Spatially uniform implantations were obtained by 

Ik 

scanning the beam across the target. The bombardment doses ranged from 1x10 
15 2 

to 3x10 ions/cm . The xenon concentrations calculated from the backscatter- 
ing spectra agree with the implantation doses measured by beam integration 
during implantation within 30^. 

The depth profiles of the implanted Xe were determined by Rutherford 
bacKscattering of alpha particles. Alpha particles with energies in the range 
of 1 to 2 MeV are directed at the target and a small fraction of these are 
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scattered elastically by the various luiclldes in the taget. Those partieles 
backscattered at some large angle with respect to the ii^ldent beam (typically 
170^} are detected and cminted. The energy of a detected (backscattered) 
particle Is a function of the mass of the nuclide from which Is was scattered. 
Alpha particles which are scattered by heavy nuclei I'^ce a soaller fracti<m of 
their incident energy than those particles scattered by light nuclei. The 
energy of a detected particle is further reduced by the energy it loses in 
passing through a finite thickness of the target before and after being 
scattered. Thus, the energy spectrum of backscattered particles can provide 
infomratlon on both the masses of the elements present in a target and their 
distribution with depth. 

A typical backscatterlng epectrum of an olivine target implanted with 

Xe is shown in Fig. 1. The major elements present In the target (O, Mg, Si) 

produce a series of steps. The high energy edge of each step corresponds to 

alpha particles scattered by atoms of that element located at the surface of 
the target. Alpha particles scattered by atoms deeper in the target lose 

additional energy before reaching the detector. The strong Increase in 
counting rate with decreasing energy for a uniformly distributed element, 
e.g., 0 in Fig. 1, reflects the increase in the scattering cross section 
with decreasing energy. The implanted Xe atoms, on the other hand, are not 
evenly distributed but have a roughly Gaussian depth distribution at a mean 
depth of « 560 S., Therefore the Xe signal consists of a Gaussian peak 
rather than a step. 

The Incident alpha particle beam (1,0 MeV) was normal to the target 
surface. The backscattered particles were detected by a silicon surface 
barrier detector located at 170° with respect to the incident beam. The 
dose of alpha particles to the target during the analysis is typically 10^^ - 
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10 CB~ . The energy resolution of tlM systoi is c 20 kd? (imt), priairlly 
due to the energy resolution of the detector. This corresponds to a depth 
resolution of £ 260 £ (FWmi) for 1.0 elplM particles at norsMl Incidence. 
The positions of the peaks are reproducible to ifithin ± kO £. 

The energy :.uales of the Xe spectra (Figs. 2-S) were converted to depth 
scales using the surface ener^ approxiaation (Chu et al . , 1978, Chapter 3). 


X = 


M 


€(Eq)K c(KEq) 

cos cos Sg 


-I 


AE is the difference between the energy of an alpha particle %dilch has 
scattered frcsa a Xe atom at the surface of the target and the energy of one 
that has scattered from a Xe atom at depth x. N is the atomic density of 
olivine. K is the ratio of the final to the incident energy when an alf^a 
particle scatters from a Xe atom. c(Eq) is the stoppii^ cross section for 
alpha particles of incident energy E^ in olivine and e(KE^) is the stopping 
cross section for alpha particle of energy KE^ (i.e., after scattering); 
e(E)/N is the stopping power, dE/dx, at energy E. and 9 ^ are the angles 
between the target normal and the direction of the incident beam and the 


direction of the scattered particle, respectively. This formula yields 
a depth conversion scale of 98 eV/^ for 1.0 MeV alpha particles and 



After measurement of the implanted depth profiles, targets were 

annealed at temperatures ranging from 800°C to 500°C. Anneals at £ 1000°C 

•6 

were carried out in a vacuum furnace at a pressure of 2x10 torr. For 
anneals at 2 llOO^C, the samples were sealed in Ft capsules and annealed in 
air. 
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Ail targets vers in fon of t^iok sleks (m x Qmm) ohl^ were cot 

froB e single crystal of syndiatlc foratarita After grli^i^ 

and pollahiog, the slabs vere annMled for 1 hr. at lOOO^C before ia^lanta* 
tlon. 

Results 

The obvious cocBpllcstlon to our technique is the effect of radiation 

daaage produced durli^ i^lantatlon^ as exm^lif led by our previous results 

for lBq>lantatl(m8 Into feldspar (Melcher et al ., 1981). CMisequ«itly oax 

efforts have again focused on soidylng tiie effects of varyli^ i^lantatltm 

lb 15 

doses. Targets were implanted with Ze doses ranging from lx 10 to 3X10 

2 

lons/cffi . Table 1 summarizes the Is^lantatlcxi doses and annealing t^>era- 
tures which were Investigated. 
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One ss^le was Is^lanted with 3x10 Xe ions/cm and annealed f<nr 
1 hr. at eOO, 900, 1000, and llOO^C. The Xe depth profile was mMsured 
after each anneal ai^ was found to be Identical to the unannealed profile. 

At an annealing temperature of llOO^C, the target showed a tendency to 
acquire Zn contamination from an unknwon source. Consequently, a fresh 
surface was then prepared for further measurements. However, Zn con- 
tamination was encountered to varying degrees in all high temperature 
(IbOO to 1500*) anneals despite the use of two different furnaces and a 

variety of encapsulation methods. Fig. 2 shows the Xe depth profiles of 
a second implantation of 3 X 10 cm before and after annealing the 
target at 1400^C. The target had previously been annealed at 1100, 1200, 
and 1300°C. There is no loss of Xe and the post-anneal profile is actually 
somewhat narrower than the pre-anneal profile. This narrowing is apparently 
due to the use of a higher resolution detector for the post-anneal 
measurement and probably does not reflect movement of Xe. However, the 


forttatlon of bubblos could Muo a slaLlar affact a^ ^ia {^atmitoo 

caimot be totally ruled out. fbia Cartat waa aabsa^aautly aiMalad at 

/ 

1500^C uith no change in the Xe profile. 

Targets were l^lantad vtih 1 X 10^^ and 3 X 10^^ Xe itma/en^ and alao 

aimealed at 800, 900, 1(XX), and llOO^C for 1 hr. Again no ehai^a tMa 

obaerved in dte Xe prof ilea after ai^ of theae am^als. Freah aurfaeca 

ware prepared after the llOO^C annaala and the targe ta were reijiplanted 

with the aane doaea. Figa. 3 and h ahow profilea before and after annaalii^ 

at IhOO^C. In each caae, the poat>anneal profile shows ~ lOJI Xe ioaa and 

SOM Boveaent of Xe toward the aurface. Alao note the increaaed Zn background 

following these high temperature anneals (~ 100 ccmnts at 0.8 MeV). 

Ih 2 

A final target was implanted with 1x10 Xe ions/cm and annealed at 

IhOO^C. The Xe depth profilea before and after annealing are shown in Fig. 

5. Due to the relatively large aoKmnt of contamination picked up during 

the anneal, quantitative analysis of this measurement is difficult. However, 

there appears to be at least 50^ loss of Xe at this implantation dose. 

Fig. 6 suoraarizes the fraction of implanted- Xe retained following a 
o 

1400 C aiuieal as a function of iuqtlantatlon dose. Also shown are soro of 

our earlier data on feldspar (Melcher et al ., 1981). Overall, olivine Is far 

more retentive than feldspar. In each case, maximum retention of 100^ 

occurs for an implantation dose of 3 X 10 Xe ions/cm and retention is less 

at Itnier doses. In light of the very different crystal structures of olivine 
and feldspar, the possibility that this behavior might be co^K>n to all 

silicate minerals must be considered- 
Discussion 

The strong dependence of Xe retention on implantation dose is similar 

to that previously observed in feldspar. Diffusion of the implanted Xe may 

potentially be affected by a number of factors including radiation damage, 
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bubble fomatlon, ereetlM o£ r«<ll«tl€»i-4eM^ Mor^oua layers by tbe 
impleutetlon eod subsequent recrystellieetimi during enneell^, swl erestlon 
of rsdletion-dSBMge treps. For e ^telled dlseussioa see Helper et el ., 
(1981). Rather than sttMq>t to fully explain tl^ dose-dependent b^tevlor 
of the isgtlanted Xe^ ue will c<xislder iMre the louest-dose Inplantstlon as 
a Halting case. 

Ik 2 

We Interpret the data at IXIO Xe lons/cm to Indicate movBmtnt of 

Xe of > 500 Z, This leads to a diffusion coefficient of D > 7X 10*^ ca^/sec 

at IbOO^C. If Xe retention does not Increase at even lower doses, l.e* if 

Che observed trend does not reverse, Chen this nuscber aay be taken as a 

lower Halt for the diffusion of naturally occurring Xe In olivine. The 

activation energy Q required for Xe retention aay then be calculated as a 

function of annealing Ceaperature for a given time scale. For retention of 

Xe In a 10 pm layer over a period of 10 years, a diffusion coefficient of 
21 2 

D <3xl0” cm /sec is needed. Fig. 7 shows the activation energy necessary 
to produce this diffusion coefficient as a function of temperature. The 
curve is calculated from 

~ = exp [- Q/RT + Q/RT ] 
o 

where D - 3Xl0“ cm /sec, = 7xl0“ cm /sec, T^ * 1673% and R = 

.002 kcal/aole/^K. For combinations of activation energy and metamorphic 
temperature which fall In the shaded region of the plot, Xe will be lost 
by thermal diffusion on a time scale of 10 years. The unshaded portion 
of the plot represents values of Q and T for which Xe may be retained. 
However, a combination of Q and T which falls in the unshaded region does 
not guarantee Xe retention since the curve which divides the regions is 
only a lower limit for Q at a given T. 


FrcMi this plot one sees that et e BMteiMrphic teapereture of SOO^C^ 
en ectivetlon energy of ^ ^ keel/TOle wmild be needed for Xe retention. 
Althmigh the activation energy for Xe diffusion In olivine has not been 
SMasured and catmot be <^taliMd froa the present data, this nuaber aay be 
eo^tared to oMtasured values for Ar diffusion In various minerals. These 
values are typically In the range 30-60 kcal/mole/®K although a feu higher 
values have been reported (see Hanson, 1971; Everden et al ., 1^0; Gllettl, 
1973). Sorption mechanisms between Xe and various substances including 
carbon chromite, and magnetite have been Investigated by Yang et al. (1982) 
and Yang and Anders (1982a, b). However, it is not clear that the small 
desorption enthalpies which they measure are related to the diffusion 
of implanted ions. Consequently a requirement of Q > ^ kcal/mole/°K 
for Xe diffusion in olivine is uncomfortably high although perhaps not 
totally unreasonable. For a more reasonable value of say 50 kcal/mole/^K, 
our data imply Xe loss for metamorphic temperatures in excess of 500°C 
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for 10 years. 
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Figure Captions 


Fig. 1. Backscattering spectrum of 1.0 MeV alpha particles striking a 

Xe> implanted olivine target at normal incidence. Stoichimrietric 
elements in the target (0, Mg, Si) result in step-liKe signals; 
the high energy edge of each step is indicated corresponding to 
scattering by an atom of that element on the surface. The 
implanted Xe distribution results in a Gaussian peak located 
k5 keV below the energy of alpha particles scattered from Xe 
atoms at the surface of the target (indicated). The energy 
distribution of counts in the Xe peak can be directly scaled to 
a Xe depth distribution. 

Fig. 2. Xe energy (depth) profile from backscattering of 1.0 MeV alpha 
particles at normal Incidence. The spectra were taken before 
and after annealing for 1 hr. at lkOO°C. The implantation dose 

1C ^ 

was 3x10 Xe ions/cm'^. 

Fig. 3. Xe energy (depth) profile from backscattering of 1.0 MeV a!pha 

particles at normal incidence. The implantation dose was 
15 2 

1 X'lO tons/cm . -The increase in background below 0.9 MeV 
Is due to Zn contamination, apparently uniformly distrib'«ted over 
at least 1000 A°. The origin of this contamination and 
mechanism of incorporation is not known. 

Fig. h. Xe energy (depth) profile from backscattering of 1.0 MeV alpha 

particles at normal Incidence. Tne implantation dose was 

lii / 2 

3 X 10 lons/cm . 
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Table I 


I^IanCatloB doses and ann^llng te^er<*tures. 


Tmplanration dose 
(Xe ions/c^) 

Annealing temperature 

(°c) 

Xe retained after 
ani^l {%) 

1 X 10^^ 

1400 

50 

3 X 

800^900*iax)*1100 

100 


1400 

90 

1 X 10^^ 

aX>^-9CX>10(K>»‘ll00 

100 


1400 

90 

3 X 10^^ 

eocN-soo^ioocH-iioo 

100 


11001200^13001400+1500 

100 
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